Background {#Sec1}
==========

Despite multimodal treatment, the prognosis of patients with newly diagnosed glioblastoma (GBM) remains dismal with median OS times of about 15--17 months. \[[@CR1]--[@CR3]\]. RPA classification is based on pre-treatment prognostic factors and stratifies patients in three classes (III, IV and V). In a large historic database including patients not receiving adjuvant temozolomide, OS was found to be 16.3, 11.3 and 6.7 months for classes III, IV and V, respectively \[[@CR4]\]. The poor prognosis of these patients \[[@CR5]\] compels us to look for new therapeutic strategies.

Fluorescence-guided surgery (FGS) using 5-aminolevulinic (5-ALA) is a technical advance in GBM surgery that has increased the rate of patients who achieve complete radiological resection of the tumor (CR) \[[@CR6]\]. This rate used to be less than 40% in excellence centers \[[@CR7]\] and is now as high as 83% \[[@CR8]--[@CR10]\]. CR has been proposed as a key factor for potentially successful adjuvant therapies \[[@CR11]\].

Several immunotherapy strategies based on dendritic cell vaccines have been attempted in GBM and shown to be safe and tolerable. The results of published phase I/II trials have hinted at efficacy, but the designs of these studies included a high proportion of cases with better prognostic features \[[@CR12]--[@CR14]\]. Therefore, it is still unclear whether immunotherapy can be ultimately beneficial to GBM patients and, if so, to what extent.

We conducted a phase II trial for patients with newly diagnosed GBM based on immunotherapy with ex vivo, tumor lysate-pulsed, autologous DCs following FGS and combined it with radio-chemotherapy with temozolomide (TMZ). We hypothesized that the addition of tumor lysate-pulsed autologous DCs vaccination to maximal safe resection followed by combined radio-chemotherapy with TMZ could improve patients' survival.

Methods {#Sec2}
=======

Clinical trial {#Sec3}
--------------

The clinical trial is a Phase II Clinical Trial to Evaluate Safety and Efficacy of Autologous Dendritic Cell Vaccination in GBM Patients after Complete Surgical Resection using 5-ALA. The study was approved by the Ethics Committee of Navarra and registered with ClinicalTrials.gov (NCT01006044) and EudraCT (2009-009879-35). The Primary Endpoint was evaluation of the treatment impact on progression-free survival.

Patient population {#Sec4}
------------------

Consecutive patients aged 18--70 years, who were candidates for total resection of newly diagnosed GBM, were screened. Eligible patients should have not received previous treatment with chemotherapy nor radiotherapy, and resection surgery with less than 1 cm^3^ residual tumor on early postoperative (\<72 h) Magnetic Resonance Imaging (MRI) was needed to confirm inclusion. All patients provided written consent. Inclusion and exclusion criteria are detailed in Table [1](#Tab1){ref-type="table"}, and patients' characteristics are described in Table [2](#Tab2){ref-type="table"}.Table 1Inclusion and exclusion criteriaInclusion criteriaExclusion criteriaPatients with histologically confirmed glioblastoma without having been previously treated with chemotherapy or radiotherapyParticipation in another clinical trial. If the patient has previously participated in another clinical trial, he should wait some time determined by the investigatorAbility to provide informed consent and express their desire to fulfill all protocol requirements during the study periodPatients diagnosed with other malignancies except basal cell carcinoma or scaly skin, cervical carcinoma in situ adequately treated or other tumors treated curatively without recurrence for 3 or more yearsAge between 18 and 70 yearsPregnant or lactating womenIn case of women of childbearing age, negative pregnancy testPatients who require immunosuppressive medicationThe patient should, in the investigator's opinion, be able to comply with all clinical trial requirementsPositive serology for HIV, hepatitis B (HBsAg) or hepatitis CComplete tumor resection surgery guided by fluorescence microscope and 5-ALA, verified by postoperative MRI. It is defined as residual injury captante contrast zero or less than 1 cm^3^Inability to produce enough material for a minimum of 6 cell vaccinesAvailability of sufficient tumor tissue processed under controlled conditions to develop cellular vaccinesAbsolute contraindication for the remaining standard treatments glioblastoma (surgery, radiotherapy and chemotherapy) Table 2Characteristics of the patients includedCaseGenderAgeKPSRPAMGMTEOR (%)OS (months)MMSESecond-therapy1M69705Met10027.028Tmz2M70705NoMet99.39.127Ir-Bev3F50805Met97.96626Ir-Bev4F67605Met10027.428Ir-Bev5F70904Met10040.330Ir-Bev6F441003unMet10023.430Ir-Bev7F67905Met10051.430No8M65705Met1003.5\*26No9F54705unMet10016.826Ir-Bev10F63904unMet1006.130No11M69805unMet1003326Ir-Bev12M49804unMet10045.428Ir-Bev13M49804Met99.551.430Ir-Bev14M47804Met99.41625Ir-Bev15F60904unMet1001526Ir-Bev16M58605unMet10023.322Ir-Bev17F57705unMet99.229.525Ir-Bev18F42903unMet10036.928Ir-Bev19F63705unMet10028.119Ir-Bev20M55804Met10044.730Ir-Bev21M68705unMet97.213.226No22F44804unMet10038.126Ir-Bev23M65705unMet100727No24F57805unMet1001929Ir-Bev25M461003Met100\>62.230Tmz26M61705unMet1005.615No27F59804Met100\>59.530No28F69904unMet10014.428No29M62804Met10021.429No30M64904Met1009.7\*24No31M66804Met10022.429Ir-Bev*KPS* Karnofsky Performace Status, *RPA* recursive partitioning analysis class, *MGMT* methyl-guanine-methyl-transferase, *Met* methylated promoter, *unMet* unmethylated promoter, *EOR* extend of resection, *MMSE* minimental state examination, *OS* overall survival, *Tmz* temozolomide, *Ir* irinotecan, *Bev* bevacizumab\* These patients did not get the vaccination

Surgery {#Sec5}
-------

FGS was performed as previously described with the target of resection of the contrast-enhancing tumor \[[@CR6], [@CR8]\]. After surgery, steroids were tapered and discontinued within a few days.

Pathological evaluation {#Sec6}
-----------------------

All samples were evaluated by the same neuropathologist on the basis of the 2007 WHO Classification criteria \[[@CR15]\]. The MGMT promoter methylation status was assessed by polymerase chain reaction. P53 and IDH1/2 mutation status was not assessed.

Vaccine production {#Sec7}
------------------

Fresh tumor was sent from the operating room to the Cell Therapy Laboratory. Tumor single-cell suspensions were obtained by mechanical disaggregation and then frozen and stored. Tumor lysate was obtained through four cycles of thawing and freezing and then irradiated and stored at −20 °C. Seven days after dexamethasone termination, peripheral blood mononuclear cells were collected by leukapheresis. The procedures involved in the production of the autologous DCs-based, customized vaccines have been described in detail elsewhere \[[@CR16]\]. CD14+ cells were selected by immunomagnetic separation using a CliniMacs™ (Miltenyi Biotec, Bergisch Gladbach, Germany) following manufacturer's instruction. These cells were cultured at 2 × 10^6^ cells/ml in AIM-V (Gibco, Grand Island NY 14072) supplemented with antibiotics, 1000 UI/ml of IL-4 (R&D Systems, Minneapolis) and 1000 UI/ml GM-CSF (Leukine, Genzyme Corporation, Bayer Healthcare, Seattle, WA, USA) in culture bags (Cellgenix, Gaithersburg, MD 20877) at 37 °C in a humidified incubator. IL-4 (500 UI/ml) and GM-CSF (500 UI/ml) were further added to the medium on the 4th day and cultured cells were harvested on the 7th day. These immature DC were adjusted at 10^7^ cells/ml and pulsed with autologous tumor lysate (median 69.82 μg/ml, rank 27.9--75 μg/ml) during 2 h at 37 °C and 5% CO2. At that time, to induce DC maturation, 50 ng/ml of TNF-α (Beromun, Boehringer Ingelheim, España), 1000 UI/ml of IFN-α (Intron A, Schering Corporation, Kenilworth, NJ, USA) and 20 ng/ml Poli I:C (Amersham, GE Healthcare) were added to the medium and cells were placed in culture bags at 2 × 10^6^ cells/ml. Mature DC were harvested on the 8th day and frozen in aliquots following standard procedures until use. Briefly, the cells were resuspended in RPMI-1640 complete medium (500 ml RPMI-1640 (GIBCO, Life Technology) + 50 ml of 10% FCS + 5 ml of [l]{.smallcaps}-Glutamine 200 mM (GIBCO, Life Technology) + 5 ml Pen/Strep solution (solution with 10,000 U/ml Pen, 10 mg/ml Strep, GIBCO, Life Technology) at twice the desired cryopreservation concentration. The cryopreservation solution was prepared containing 40% complete RPMI-1640, 40% FCS and 20% DMSO. The cryopreservation vials were placed in the cryopreservation box (5100 Crio 1° Freezing Container, Nalgene) and 500 microliters of the cell suspension were added to each vial; then 500 μl of the cryopreservation solution were added and the final suspension was carefully mixed. The cryopreservation box was brought to a −80 °C freezer and after 24 h the cell vials were stored in a liquid nitrogen tank. Ten million cells were considered the optimal dose for each administration. The viability of cells was determined before and after freezing.

Treatment schedule {#Sec8}
------------------

All patients were scheduled to receive postoperative intensity modulated radiotherapy with concomitant TMZ (75 mg/m^2^/day), followed by up to 12 cycles of adjuvant TMZ (200 mg/m^2^/day for 5 consecutive days every 28 days) or until disease progression. The first intradermal DCs administrations were scheduled prior to radiotherapy, and the second 3 weeks after radiotherapy. This was followed by two monthly, four bi-monthly, and subsequent quarterly administrations until the end of all available doses (Fig. [1](#Fig1){ref-type="fig"}). During adjuvant TMZ treatment, DC were administered on day 21 of the corresponding cycle. Vaccines were administered intradermally, with patients receiving, on average, 8 vaccines. When tumor progression occurred (in 25 of 30 patients), patients were treated at the investigator's discretion, with the option to maintain vaccination combined with second-line treatment.Fig. 1Treatment schedule. All patients were scheduled to receive conventional radio-chemotherapy with up to 12 cycles of adjuvant temozolomide or until disease progression. The first intradermal DCs administrations were scheduled prior to radiotherapy, and the second 3 weeks after radiotherapy. This was followed by two monthly, four bi-monthly, and subsequent quarterly administrations until the end of all available doses. During adjuvant TMZ treatment, DC were administered on day 21 of the corresponding cycle. Vaccines were administered intradermally

Clinical assessment {#Sec9}
-------------------

Clinical follow-up was carried out monthly during the first year and every other month thereafter. MRI was performed postoperatively (within 72 h after surgery) and every 3 months thereafter. Macdonald criteria were used for response assessment \[[@CR17]\]. When progression was suspected, the type of second therapy was irinotecan plus bevacizumab or TMZ, left at the discretion of the treating specialist, with the option to maintain vaccination. All patients were followed until death or until May 2016.

Immune response assessment {#Sec10}
--------------------------

For the immune response evaluation, blood samples were obtained before each vaccine was administered. Mononuclear cells (PBMCs) and serum samples were cryopreserved and thawed together for the assessment. PBMCs were used to analyze tumor specific cellular immune response and serum samples to evaluate changes in cytokines profiles after vaccination.

Tumor-specific cellular immune response were assessed by three methods: T cell proliferation assay, IFN-γ production by enzyme-linked immunosorbent assay (ELISA) and number of IFN-γ producing cells by IFN-γ enzyme-linked immunospot or ELISPOT. Briefly, PBMCs obtained before and after vaccination were plated in 96-well plates at 2 × 10^5^ cells/well with culture medium (RPMI 1640 supplemented with 10% human serum AB, 2 mM glutamine, 100 UI/ml penicillin and 100 μg/ml streptomycin) alone, with 20,000 patient's tumor lysate-pulsed DC or with 10 μg/ml of lysate tumor only in the case of patients in which DCs are not available. Supernatants were collected after 5 days of culture to measure IFN-γ production. Then, cells were pulsed with 0.5 μCi/well of \[^3^H\]thymidine for 18 h and harvested. \[^3^H\]Thymidine incorporation was determined in a scintillation counter (Topcount; Packard, Meridan, CT, USA).

IFN-γ production was measured in supernatant by ELISA (Pharmingen, San Diego, CA, USA) according to the manufacturer's instructions.

IFN-γ ELISPOTs (Mabtech; San Diego, CA, USA) were done according to the manufacturer's instructions. PBMCs obtained before and after vaccination were plated in 96-well plates at the concentration of 1 × 10^5^ cells per well with culture medium alone, with 1 × 10^5^ mature, patient's tumor lysate-pulsed DC or with 10 μg/ml of lysate tumor only in the case of patients in wich DCs are not available. Spots quantification was performed using an automated ELISPOT reader (CTL, Aalen, Germany).

Changes in cytokines profiles after vaccination were evaluated in serum samples obtained before and after vaccination by Multiplex Bead Immunoassay Kit (Invitrogen, Carlsbad, CA, USA) for simultaneous quantitative determination of GM-CSF, IFN-α, IFN-γ, IL-1Rα, IL-1β, IL-2, IL-2R, IL-4, IL-5 IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-15, IL-17, IP-10, MCP-1, MIG, MIP-1α, MIP-1β, RANTES and TNF-α according with the manufacturer instructions and using Luminex^®^ xMAP^®^ system (Luminex, Austin, Texas).

Evaluation of inflammatory infiltrate in tumor samples by flow cytometry {#Sec11}
------------------------------------------------------------------------

The obtained tumor biopsy was subjected to a disaggregation process using the GentleMACS dissociator (Miltenyi, Biotech, Germany) to obtain a single cell suspension. After washing twice, the cells were freeze following standard protocols. For flow cytometry analysis, an aliquot of cells was thawed and after 2 h at 37 °C, a panel of monoclonal antibodies was used to identify different cell subpopulations: percentage of tumor infiltrating lymphocytes \[CD3 FITC (Miltenyi Biotec, clon BV264/56), CD4PB, CD8 BV510, Biolegend, clones RPA-T4 and RPA-T8 respectively\], T naive (CD45RA+, CD62L+, CD27+): CD45RA PerCP Cy5.5 and CD27 APC were purchased by Biolegend, clones HI100 and 323 respectively and CD62L was purchased by BD Bioscience, clon DREG-56, T central memory (CD45RO+, CD62L+ CD27+): CD45RO PECy7 was provide by BD Bioscience, clon UCHL1, T effector memory (CD45RO+, CD62L−, CD27+) and T effector cells (CD45RO+, CD62L−, CD27−), CD69PE and HLA-DR FITC from Biolegend clones FN50 and L243 respectively were used as activation markers. We also studied the percentage of cell with an phenotype like myeloid derived suppressor cells (MDSC) (Lin−, CD33+, CD11b+, HLA-DR low/−): To define the Lin---population, a cocktail of PE-conjugated antibodies including CD3, CD16, CD19, CD20 and CD56 have been used, all of which were provided by Biolegend, clones OKT3, 368, SJ25C1, 2H7 and 5.1 H11 respectively; CD33 FITC, CD11b PerCP Cy5.5 and HLA-DR APC were purchased by Biolegend, clones HIM 3--4, ICR F44 and L243 respectively. Moreover in order to characterized monocytic or granulocytic MDSC we use CD14 BV421 clon M5E2 and CD15 BV510 clon W6D3 from Biolegend. Finally, we evaluate the expression of immunocheckpoint PD1 (Programmed cell death protein 1) (PD1 PerCP eFluor clone MIH-4 from Bioscience) in lymphocytes and expression of HLA-I (Human leukocyte antigen-I) in tumor cells (HLA-I FITC clone W6/32 from Biolegend). Briefly, cells were incubated with monoclonal antibodies conjugated to different fluorochromes during 15 min at room temperature and in the dark and then the cells were washed. Cells stained with isotype control antibody were used as negative control. Cells were acquired in FACSCALIBUR cytometer (Becton--Dickinson, Immunocytometry Systems, San Jose, CA, USA) and then analyzed using Flow Jo software.

Statistical analysis {#Sec12}
--------------------

PFS and OS were analyzed with the Kaplan--Meier method.

For the in vitro experiments the software used for statistical analysis was GraphPad Prism. Changes in proliferation of post vaccines PBMC, IFN-γ producing cells number and cytokines profiles in serum after vaccination were analyzed with Wilcoxon test. Spearman correlation coefficient was used to investigate the relationship of immune response and OS.

Results {#Sec13}
=======

Patients {#Sec14}
--------

Thirty-two consecutive patients were reported in this paper (27 patients screened for the clinical trial and 5 treated as compassionate use before the clinical trial). One patient was not included in the trial because postoperative MRI showed a residual tumor volume of 3.4 cc^3^ and, as such, did not meet one of the inclusion criteria. The tumor location is described in Additional file [1](#MOESM1){ref-type="media"}, where representative preoperative and postoperative MRI images are also shown. Two patients suffered severe infectious complications (brain abscess and pneumonia, respectively) following surgery, and decided to withdraw their informed consent and discontinue participation in the trial before starting immunotherapy and standard chemotherapy. These patients were however included in the intention-to-treat analysis.

Median age was 61 years (mean 58.8, range 42--70). Karnofsky performance score (KPS) was 90--100 in 29%, 80 in 35.5% and 60--70 in 35.5% of cases. The MGMT was methylated in 45.2% of cases. In terms of RPA classes, 9.7% of the patients were in class III, 41.9% in class IV and 48.4% in class V. The mean preoperative tumor volume was 36.7 cc^3^. No residual tumor volume was observed in postoperative MRI in 25 of the cases (80.7%). Table [2](#Tab2){ref-type="table"} lists the basic characteristics of the patients.

Feasibility {#Sec15}
-----------

Enough tumor lysate and DCs were available in all cases to produce at least 6 vaccine doses. In all cases except one, steroid tapering could be performed within a few days after surgery, and the first vaccine was administered between days 21 and 29 after surgery (median 23). In the remaining case, the first vaccine was delayed until day 50.

Safety and tolerability {#Sec16}
-----------------------

Neither adverse events nor toxicity attributable to the immunotherapy were documented.

All severe adverse events (7.9% of total adverse events) were related to the standard therapy. Two patients (6%) had new deficits persisting 1 month after surgery, one patient had hemianopsia, and one patient had left hemiparesis. Two patients had neutropenia grade 3 (6%), and two thrombocytopenia grade 3 (6%). There were 2 cases of fatal bacterial pneumonia in vaccinated patients unrelated with the vaccine.

Survival {#Sec17}
--------

The median of PFS in all patients was 12.7 months (CI 95% 7--16) and the OS was 23.4 months (95% CI 16--33.1) (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2PFS and OS from patients treated with standard treatment plus dendritic cells vaccines. The patients were treated with standard treatment: radio-chemotherapy followed by chemotherapy of maintenance plus DC vaccines. PFS and OS were analysed with Kaplan--Meier method: **a** PFS in months from patients vaccinated; **b** OS in months from all patients, **c** OS in months from patients with MGMT unmethylated vs methylated

OS of patients with methylated MGMT promoter was statistically significant superior (Fig. [2](#Fig2){ref-type="fig"}c) to that of the patients with unmethylated MGMT promoter (median 27.4 versus 19 months; CI 95% 16--51.4 vs 9.1--29.5 respectively).

Immune response {#Sec18}
---------------

An increase in proliferation of post vaccines PBMC after stimulation with tumor lysate-pulsed DCs or lysate tumor was detected in 11 of 27 patients who were tested. Moreover, when we analyzed all patients, we have found statistically significant differences between proliferation in samples before vaccines and samples obtained after receiving vaccines (p \> 0.001) (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Tumor specific immune response in vaccinated patients. Blood samples were obtained before each vaccine. Mononuclear cells (PBMCs) before each vaccine were cryopreserved and thawed together to evaluate changes in proliferation of PBMC stimulated in presence of antigen (**a**) and number of IFN-γ producing cells by IFNγ enzyme-linked immunospot or ELISPOT after in vitro stimulation with pulsed DC (**b**)

With regard to cytokine production, we detected an increase in IFN-γ production (by ELISA or ELISPOT) in samples obtained after vaccines with respect to samples before vaccines in 8 of 25 patients. When we analyzed IFN-γ producing cells from all patients, we detect a statistically significant increase in the number of IFN-γ-producing cells in samples taken after vaccines with respect to samples collected before vaccines (p = 0.0004\*) (Fig. [3](#Fig3){ref-type="fig"}). Changes in cytokines profiles after vaccination were evaluated in serum samples obtained before and after vaccination by Multiplex Bead Immunoassay Kit. In particular, 25 cytokines were quantified in serum samples obtained before and after vaccination. The concentrations of serum cytokines before and after vaccination are showed in Table [3](#Tab3){ref-type="table"}. The results showed no statistically significant changes in cytokine profile in serum samples following vaccination with DC.Table 3Concentrations of serum cytokinesBefore vaccinationAfter vaccinationIL-1β52.5 ± 33.553.7 ± 49.1IL-10321.6 ± 260.3272.1 ± 249.3IFN-α70.9 ± 56.979.3 ± 64.8IL-6209.5 ± 280.6160.4 ± 134IL-12134.2 ± 86.4242.8 ± 581.7RANTES10,159.9 ± 8209828 ± 1289.8EOTAXIN1490.8 ± 461.11412.4 ± 465.6IL-13229.8 ± 125.3228.3 ± 112.4IL-15382.6 ± 68.6402.8 ± 130.7IL-17194.2 ± 131219 ± 152MIP-1α46.33 ± 17.876 ± 160GM-CSF139.1 ± 96.9179.4 ± 264MIP-1β109.6 ± 48.1100.4 ± 57.4MCP-1868.1 ± 637.6717.1 ± 368.8IL-5112.7 ± 151.281.2 ± 77.8IFN-γ116.7 ± 82108.3 ± 75.9TNF-α28.52 ± 42.331.1 ± 37.9IL-1RA218.7 ± 143.9133.5 ± 71IL-233.8 ± 2527.4 ± 20.4IL-7366.5 ± 194.4365.9 ± 194.9IP-101846.1 ± 3590.6690.4 ± 1170.4IL-2R296.9 ± 114.5251 ± 55.6MIG272.7 ± 554.278.4 ± 61.8IL-457.9 ± 58.244.7 ± 54.4IL-8182.7 ± 196.5140.5 ± 67.5Changes in cytokines profiles after vaccination were evaluated in 20 patients in serum samples obtained before and after vaccination by Multiplex Bead Immunoassay Kit (Invitrogen, Carlsbad, CA, USA) for simultaneous quantitative determination of 25 Human Cytokines. The median and standard deviation of all patients before and post vaccination for each cytokine are included in this table

No correlation was found between immune response detected (proliferation or IFN-γ producing cells) and OS (data not show).

Study of the inflammatory infiltrate in tumor samples {#Sec19}
-----------------------------------------------------

In two patients, we had tumor sample from the initial biopsy and tumor sample from relapse. So, in these patients we were able to assess the effect of the treatment in inflammatory infiltrate.

GBM is a very necrotic tumor so the amount of live tissue was very limited in both patients (6.11% in patient 1 and 11.40% in patient 2 in the initial sample and 0.49 and 0.22% respectively in the relapse sample). In both cases, the number of living cells was very low (in patient 1 a mean of 897 per panel in the initial sample and 1698 in the relapse sample and in patient 2 a mean of 1536 per panel in the initial sample and 841 in the relapse sample). In patient 1 (Table [4](#Tab4){ref-type="table"}) the percentage of CD3 was similar in the sample of diagnosis and in the relapse sample (7.1 vs 7.7% of living cells) and was similar to CD4 percentage (36.4 vs 37.7% of CD3+ cells) and CD8 percentage (56.1 vs 49.1% of CD3+ cells). In patient 2, we observed a slight increase in the percentage of CD3 in the sample of relapse (10.80 vs 19.6% of living cells). In this case, we can observe a slight increase in CD4 and decrease in CD8 in relapse samples regarding diagnosis (CD4: 17.1 vs 30.8% of CD3+ cells; CD8: 72.9 vs 62.8% of CD3+ cells). Detailed evaluation of lymphocyte populations before and after treatment in the 2 available samples is described in Table [4](#Tab4){ref-type="table"}.Table 4Analysis of the inflammatory infiltrate in tumor samplesPatient 1Patient 2Basal (%)Relapse (%)Basal (%)Relapse (%)CD37.17.710.819.6CD4 (in CD3 subset)36.437.717.130.8CD8 (in CD3 subset)56.149.172.962.8MDSC-like phenotype cells824.290.75CD4+ cellsCD8+ cellsCD4+ cellsCD8+ cellsBasal (%)Relapse (%)Basal (%)Relapse (%)Basal (%)Relapse (%)Basal (%)Relapse (%)CD6990.697.47783.487.784.294.7292HLA-DR71.85595746.4856.156.1737.150.29Central memory14.332.508.056.976.892.091.59Efector memory78.662.513.0838.655.7858.6734.7420.76Effector7.4056.540.323.2210.3254.1536.5PD153.17510.775243.963.252.538.3MFI in Tumor cellsMFI in Tumor cellsBasalRelapseBasalRelapseHLA-expression36,96910,03842,43314,245A single cell suspension were obtained from biopsy sample by a mechanical disaggregation process. After washing twice, the cells were freeze following standard protocolsFor flow cytometry analysis, an aliquot of cells was thawed and after 2 h at 37°, a panel of monoclonal antibodies was used to identify different cell subpopulations. Results are expressed in percentage regarding total alive cells (CD3 and myeloid suppressor cells), and regarding CD3+ cells (CD4 and CD8). Activation markers (CD69 and HLA-DR) and a panel of markers to characterize different T cell population were evaluated in CD4 and CD8 positive cells. HLA-I expression (mean fluorescence intensity) were measure in tumor cellsIn all cases, cells were incubated with monoclonal antibodies conjugated to fluorochromes during 15 min at room temperature and in the dark and then the cells were washed. Cells stained with isotype control antibody were used as negative control. Cells were acquired in FACSCALIBUR cytometer (Becton--Dickinson) and then analyzed using Flow Jo software

Among the data shown on the table, it is especially interesting that in both cases we observed an increased expression of PD-1 in lymphocyte from relapse sample with regard to the basal sample (in CD4+ and CD8+ cells in patient 1 and only in CD4+ cells in the patient 2). Also in both cases, we observed a decrease in cell with an MDSC-like phenotype in the relapse sample compared to basal samples (8 vs 2% in patient 1 and 4.29 vs 0.75% in patient 2). Finally, we have seen that in both cases there was a decrease in the expression of HLA-I (mean of fluorescence intensity) in tumor cells in the sample of relapse with regard to diagnosis sample.

Discussion {#Sec20}
==========

Tumor-lysate pulsed DC vaccination has already been shown to be feasible and safe in previous trials. Moreover, some very long survival times have been reported, although efficacy is far from being proven as no randomized controlled trial has been published. Previous phase II trials showed an unusually long survival that probably would be due to their selective inclusion criteria (mostly young patients with good functional status) and exclusion criteria (patients with radiological progression or need for steroids after radiochemotherapy) \[[@CR12]--[@CR14], [@CR18]--[@CR20]\] (Table [5](#Tab5){ref-type="table"}), which may introduce a selection bias that may affect the clinical results. As desired with this type of immunotherapeutic approach, our study was conducted on a highly selected population of GBM patients, i.e. those undergoing complete or near complete resection. In addition to other prognostic factors such as age, KPS (our cohort of patients included a representation of all RPA classes), the 23.4 month median OS observed in our trial could be in part related to the immunotherapeutic treatment.Table 5Relevant patients' characteristics at the time of accrual in clinical trials on dendritic cell vaccination in glioblastoma multiformeMean ageKPS (100/90/80/≤70)RPA (class 3/4/5)OS (months)^a^Prins^8^49.7(7%; 77%; 20%; 7%)(60%; 33%; 7%)^d^35.9^a^Ardon^9^50.4N/A(12%/87%/0%)24.0^b^Sampson^25^52.4(39%; 39%; 22%; 0%)(28%/72%/0%)^d^26.0^c^Phuphanich^26^55.3(12%; 62%; 12%; 12%)(19%/69%/12%)^d^38.4Present data (intention-to-treat)58.8(6%; 23%; 36%; 36%)(10%/42%/48%)23.4*KPS* Karnofsky performance status, *RPA* recursive partition analysis, *OS* overall survival, *N/A* not available^a^It excludes patients with steroids after radiotherapy^b^It excludes patients progressing after radiotherapy^c^It excludes patients with more than 4 mg/day of dexamethasone^d^RPA classes estimated based on provided data; in doubt, the highest level was assigned

Therefore, the only favorable factor embedded in our inclusion criteria was that we performed an extensive resection in all cases. In other words, we included only patients with potentially resectable tumors, which is a limitation of this immunotherapeutic approach. However, the effort to do an extensive resection was part of the study treatment, and only one case was excluded due to residual tumor. This fact is of importance because it excludes the presence of a selection bias in favor of small, superficial tumors. On the contrary, all patient candidates for resection surgery were enrolled, and a deliberate effort to carry out the maximum resection that was technically achievable was made. FGS and the intention to make a gross or near gross total resection were part of the treatment protocol. We have previously shown that, with experience in FGS, the objective of less than 1 cc^3^ residual tumor can be achieved in a majority of patients \[[@CR8]\]. Similar results have been published with intraoperative MRI \[[@CR21]\]. Such extensive resection can explain some of the observed benefit. Previous studies including patients with different extents of resection suggest that complete tumor removal might increase survival by approximately 4--5 months as compared with partial resection \[[@CR22]--[@CR24]\]. According to the GBM survival calculator based on the MDACC cohort \[[@CR25]\], the expected median OS for our group of patients is 15.8 months. It is therefore possible that immunotherapy, in combinations with such wide surgical resections, might have played a role in our results.

The percentage of patients with methylated MGMT promoter was 45.2%, as usually described in general population of GBM patients. Thus, no apparent bias regarding the status of MGMT promoter appears to explain, solely by itself, the outcome times obtained in our study.

Other critical point is the design of the vaccine schedule. Compared to previous DCs vaccination works in GBM, we began up-front immunotherapy prior to radiotherapy. During the usual 4-week interval between surgery and radio-chemotherapy, there is sufficient time to wane the patient off steroids, manufacture the vaccine and administer its first dose. We do not necessarily expect therapeutic benefit from this dose during the subsequent radio-chemotherapy period, but we reasoned that it might help to prime the immune system and to allow a faster immune response build-up after subsequent doses. Moreover, the effort to keep vaccinating patients even after progression could be important for the improvement of the OS.

The lack of benefit in PFS and correlation between overall survival and immune response deserve a further comment. While PFS results were far less compelling than those concerning OS, the time between the day of progression and death is much longer than usual in GBM. Three different factors can contribute to explain this paradox. First, the definition of progression in GBM is not clear; pseudoprogression has been increasingly recognized, and its incidence could be even greater during or after immunotherapy. In other words, we may have inadvertently misinterpreted as radiological progressions at least some cases of radiologically indistinguishable local immune reactions. This is a common problem for all the immunotherapy trials presently studied. In these trials, the overall survival could be the only objective parameter to measure clinical efficacy \[[@CR26]\] or it may be more appropriate to use iRANO guidelines to evaluate responses to immunotherapy treatments \[[@CR27]\]. Second, the immune effect of vaccination may not develop rapidly enough to avoid progression in some cases, but it could still help to delay disease progression and to maximize the benefit of second-line therapies such as subsequent surgery or new chemotherapy. This type of effect has already been reported for some chemo-immunotherapy combinations \[[@CR28], [@CR29]\]. Third, the discrepancy between PFS and OS could be attributed to the effect of a second therapy. Should this be the case, we would be introducing an important caveat, as benefit from vaccination might not be as substantial as we think. In our patients, the most used second-line agent at progression was bevacizumab, a drug with some recognized activity in GBM. However, this does not explain most of the benefit because in our series, second PFS as well as OS measured from the day of first progression are clearly longer than the corresponding survivals obtained with bevacizumab \[[@CR30]\]. Additionally, the recent large randomized trials AVAGLIO and RTOG-0825 have been unable to show a benefit for bevacizumab in OS, which was approximately 16 months. We believe that the correct interpretation of all these data is that DC vaccination takes time to stimulate a specific immune response, but the effect is prolonged and can be synergistic with that of subsequent therapies.

Regarding the immune response, although we detected an increase in both proliferation and number of IFN-γ producing cells after antigen stimulation of PBMC obtained pre and post vaccination, we found no correlation between immune response and survival. Earlier studies with DC vaccines have confirmed immune activation against tumor and suggest an improvement in survival, but do not uniformly show a correlation between survival and immune response \[[@CR14], [@CR31]--[@CR34]\]. There are many reasons that can explain this. There are many different assays to detect and quantify antigen-specific immune response both in vivo and in vitro, but all of these strategies must be optimized and validated.

In our case, we performed the study of the immune response in frozen samples that had been extracted between 1 and 3 months after the administration of the vaccines, because the blood extraction was done prior to the administration of a new vaccine dose in order to avoid the patient from having more visits than those planned for the treatment. Perhaps to optimize the immune response detection it would have been better to extract the samples within 7--10 days after administration of the vaccines.

Another relevant point is the type of antigen used to pulse DC. When peptide or defined antigen are used, it is easier to measure the immune response against these known antigens (e.g. use of tetramers or TCR sequencing), but in our case we have used tumor-lysed pulsed DCs vaccine and measuring the response to lysates is much more difficult because immunogenic targets may be highly diluted.

Therefore, in this work, both the samples used and the tests performed to measure immune response have several limitations that can affect the results obtained. These limitations should be solved for the monitoring of the immune response in future clinical trials.

On the other hand, as has been previously published by other authors (31) even if these assays could be validated and standardized, it is possible that the subtle and complex immunologic shifts triggered by immunotherapies cannot be detected.

Finally, it should not be forgotten that in vitro assays may not reflect what actually happens in vivo, since the immunosuppressive environment characteristic of tumors can render the response ineffective. This is another reason why there could be no correlation between the in vitro immune response and clinical response.

In addition to in vitro immune response studies, in two patients, we have analyzed the inflammatory infiltrate in tumor samples obtained at diagnosis and at relapse. In both patients there are a decrease in the percentage of cell with an MDSC-like phenotype in relapse samples regarding basal samples. This finding is not surprising since there are already some reports that relate concomitant treatment of radiotherapy and TMZ with decreasing of MDSC. TMZ can lead to decrease CCL2 production by glioma cells \[[@CR35]\]. CCL2, among others functions, is associated with recruitment of immunosuppressive leukocytes, such as MDSC and regularory T-cells (Tregs) \[[@CR35], [@CR36]\]. Moreover, CCL2 stimulates monocytes to migrate to the tumor, and there they are converted in MDSC and immunosuppressive tumor-associated macrophages and facilitate the tumor growth. Decrease of CCL2 can be empaires with reduction of the infiltration of MDSC and tumor-associated macrophages (TAM) into the glioma site. In our case, the decrease of myeloid suppressor cells in the tumor could favor the effect of vaccines.

Moreover, in these patients, we could detect tumor infiltrating lymphocytes in the initial and in the relapse sample. The most relevant data is that these cells express a high percentage of activation markers (CD69 and HLA-DR), suggesting that there is an activation of the immune system. However, we have seen that it is possible that the tumor is developing immune escape mechanisms that cause the immune response was less effective than it could. In the two patients studied, we found a decrease in expression of HLA-I molecules (in terms of mean of fluorescence intensity) on tumor cells in samples after vaccines respect to baseline. We have also seen also in both cases an increase in expression of PD-1 in lymphocytes obtained from tumor samples at relapse with respect to samples of the initial tumor. This could mean that although an immune response is induced by the vaccine (PD1 is upregulated after antigen stimulation through TCR), the immune system by itself develops control mechanisms that contribute to inhibit the generated immune response. Recent work showed that PD-1 could be a biomarker for intratumoral, tumor specific CD8+ lymphocytes in melanoma \[[@CR37]\] and this could be valid for GBM due to the high percentage of CD8+ cells expressing PD-1 in ours samples, especially in tumors relapse. To resolve this hypothesis further experiments should be performed. Also, this could be important to design strategies for enhance the effect of vaccines. The combination of vaccines and immunocheck point inhibitors could be a very interesting strategy to improve the results obtained so far in clinical trials with vaccines. In this sense, there are already launched several clinical trials exploring this possibility.

Our results confirm that DCs vaccination is feasible---with first vaccine administered even before starting radiotherapy---and safe, and seem to suggest that this approach could contribute, at least in part, to some survival benefit in this selected population of GBM patients undergoing complete or near complete resection. The latter point warrants a confirmatory multicenter randomized clinical trial. Additionally, further studies investigating the combination of CDs vaccination with other immunotherapy strategies are needed.

Conclusion {#Sec21}
==========

The addition of tumor lysate-pulsed autologous DCs vaccination to maximal safe resection followed by radiotherapy and concomitant and adjuvant temozolomide is feasible and safe. Its potential benefit in survival in such a selected population still needs to be confirmed in a randomized trial.

Additional file {#Sec22}
===============
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